ABSTRACT During calcium-induced calcium-release, the ryanodine receptor (RyR) opens and releases large amounts of calcium from the sarcoplasmic reticulum into the cytoplasm of the myocyte. Recent experiments have suggested that cooperativity between the four monomers comprising the RyR plays an important role in the dynamics of the overall receptor. Furthermore, this cooperativity can be affected by the binding of FK506 binding protein, and hence, modulated by adrenergic stimulation through the phosphorylating action of protein kinase A. This has important implications for heart failure, where it has been hypothesized that RyR hyperphosphorylation, resulting in a loss of cooperativity, can lead to a persistent leak and a reduced sarcoplasmic-reticula content. In this study, we construct a theoretical model that examines the cooperativity via the assumption of an allosteric interaction between the four subunits. We find that the level of cooperativity, regulated by the binding of FK506 binding-protein, can have a dramatic effect on the excitation-contraction coupling gain and that this gain exhibits a clear maximum. These findings are compared to currently available data from different species and allows for an evaluation of the aforementioned heart-failure scenario.
INTRODUCTION
Congestive heart failure (HF) is a condition affecting more than two million people in the United States, characterized by reduced contractility of the heart muscle (1-3). Many of these patients will die directly from this contractile dysfunction, associated with a reduction of calcium transients elicited in response to electrical stimulation; others will die from ventricular arrhythmias, many of which themselves appear related to this calcium handling malfunction (4) . The calcium transient reduction, in turn, appears to be primarily due to a decrease in the amount of releasable calcium in the sarcoplasmic reticulum (SR) (5) . Many factors can contribute to this reduction, including lowered SERCA pump activity, smaller influx through the L-type channel, anomalous activity of the sodium-calcium exchanger and, of concern here, increased SR leak through the ryanodine receptor (RyR) array. The relative importance of these components continues to be debated (3, 6, 7) .
In this study, we focus on the role of RyR subunit cooperativity as it affects RyR gating and hence diastolic SR leak. Initial evidence for this cooperativity came from lipid bilayer experiments in which the concentration of FK506-binding protein (FKBP) was controlled (8, 9) . The RyR, a homotetramer comprised of four monomers that can each bind one FKBP, was found to exhibit subconductance states in the absence of FKBP. These subconductance states are characterized by fractional openings of the receptor and the current through these fractional openings were, interestingly, either one-quarter, one-half, or three-quarters of the current of a fully opened channel. The clear implication of this in vitro data was that FKBP binding induced a coupling between the otherwise independent opening and closing dynamics of the individual subunits.
Data from isolated myocyte studies also shows the importance of FKBP in RyR functioning. However, these experiments provide seemingly contradictory results: sequestering of FKBP in rats (10) and mice (11) was found to increase excitation-contraction (E-C) coupling gain, whereas in rabbits it resulted in a decreased E-C coupling gain (12) . In addition, overexpression of FKBP in rabbits was reported to increase the calcium transient and contractility (13, 14) , whereas overexpression in rats decreased the spontaneous spark frequency, while increasing the calcium transient (15) .
To model the role of FKBP in RyR gating, we introduce an allosteric interaction between the RyR subunits whose strength is modulated by FKBP binding. This interaction changes the transition rates in a Markov process approach to RyR gating. We find that the E-C coupling gain exhibits a clear maximum for a certain optimal level of cooperativity (i.e., an optimal value of FKBP binding). In addition, we find that an increase in cooperativity leads to a decrease in the spontaneous spark frequency. These results are then critically compared to existing experimental data. Furthermore, our model can be compared to detailed information regarding the effects of adrenergic stimulation, based on the fact that stimulation leads to activation of cAMP-dependent protein kinase A (PKA), which then lowers FKBP binding via RyR phosphorylation (16, 17) .
It is through the action of PKA that HF is hypothesized to lead to increased SR leak. Specifically, a chronic hyperadrenergic state during HF leads to elevated levels of PKA and consequently the RyR becomes hyperphosphorylated (18, 19) . This leads to a persistent dissociation of FKBP and presumably a reduced SR content (19) (20) (21) . Our results lend support to this proposed mechanism, as we show that a reduction of cooperativity as would be caused by FKBP disassociation would indeed give rise to a large RyR leak and a concomitantly reduced SR content. Although one obviously needs to use a more comprehensive model to account for all the changes in calcium handling one would expect under HF conditions, the results to-date do show that this idea is quantitatively sensible.
We note in passing a final set of experiments that link FKBP directly to cardiac arrhythmias: FKBP deficient mice were found to consistently exhibit exercise-induced ventricular arrhythmias and sudden cardiac death (22) , most likely caused by delayed after-depolarization resulting from calcium mishandling. Moreover, it was shown that restoring the binding of FKBP through pharmaceutical intervention was able to protect these mice from ventricular arrhythmias (23) . Although it remains extremely challenging to relate subcellularscale physiology with organism scale response, we view this latest work as an indication that properly modeling the effects of FKBP is a critical issue that is timely to address.
MATERIALS AND METHODS

Intracellular calcium dynamics
The calcium dynamics in the myocyte is locally controlled through the tight coupling between the L-type calcium channels and the RyR cluster. In our model, the calcium concentration in the dyadic space, [Ca 21 ] ds , is described as
Here, J buf describes the binding of calcium to buffers that are present in the dyadic space (24),
The sum is over three calcium buffers B (calmodulin, SR membrane buffers, and sarcolemmal membrane buffers) of constant concentration. For a full description including parameter settings, we refer to the Supplementary Material. Furthermore, J RyR is the flux through the RyRs, J dhpr is the L-type channel flux, and the last term represents the flow of calcium ions from the dyadic space to the cytoplasm. 
where the parameter values are listed in Table 1 . In this equation, we have assumed rapid equilibrium between calcium and calsequestrin in the junctional SR, leading to (25) ] nSR was also taken constant. These assumptions lead to a more computationally tractable model that avoids the simulation of the cytosolic calcium machinery including SERCA pumps and the sodium-calcium exchanger. Furthermore, since [Ca 21 ] nSR is assumed to be constant, it is sufficient to simulate a single calcium-release unit (CRU) (see Simulation Protocol, below). However, we have also performed simulations using a full model in which these assumptions are relaxed. Details of this model can be found in the Supplementary Material. The results of these simulations (shown in Fig. 4) demonstrate that the full model produces qualitatively identical results to the simple model.
The L-type calcium channel
To model the L-type channel, we adopt the formulation from Iyer et al. (26) , along with its parameters. The channel is described via a Markov model consisting of 11 voltage and calcium-dependent states along with two voltagedependent inactivation states. The calcium current through a single channel can be written as
leading to a total flux through the L-type channel
where V is the membrane potential, P Ca is the channel permeability, [ 
The RyR
As already noted, the RyR is a homotetramer comprised of four monomers that can each bind one FKBP. Lipid bilayer experiments have shown that RyR can exhibit one-quarter, one-half, and three-quarters of the total channel conductance when FKBP is absent (8) . In our model, we thus assume that each subunit can be activated upon binding of one calcium ion and is responsible for one-quarter of the maximum current via a conformational change. To model the gating kinetics of the subunits, we will employ a simple scheme in which each subunit can be in one of three states: closed (C), open (O), or inactivated (I) (see Fig. 1 ). Similar gating schemes, but without subunit coupling, were investigated in Stern et al. (27) . To incorporate the FKBP binding effect, we assume that it can introduce an allosteric energy between neighboring subunits and that subunits are energetically penalized for being in a different state than their neighbors. This allosteric energy is introduced via a symmetric energy matrix with vanishing diagonal terms:
The continuous variable s is the key parameter in our model and controls the coupling strength between subunits. It corresponds indirectly to the amount of associated FKBP with low values of s corresponding to nearly all FKBP being dissociated and high values of s corresponding to full FKBP association.
To include this interaction into the RyR gating dynamics, we need to specify how this interaction energy enters into the rate constants. Here, we simply follow Stern et al. (27) and let one-half of the energy contribute to the forward rate constant and the other-half to the backward rate constant. In other words, the rate constants K ij for the transition from state i to state j have the form
where the sum is over neighboring subunits and s m is the state of the neighboring subunits. The values of matrix elements DE ij and the transition rates k ij in the absence of any allosteric interaction used in our simulations are given in Table 2 .
Based on experimental results, we take the number of RyRs in our basic calcium-release unit to be 100 (28) . Fast equilibrium of calcium diffusion within the dyadic space is assumed so that all the RyRs in the same calciumrelease unit sense [Ca 21 ] ds with no difference. The total flux through the RyRs in a CRU is then proportional to the concentration gradient and the number of open subunits, N open,RyR ,
where g RyR is the conductance of a single RyR subunit. See Table 2 for parameter settings.
The E-C coupling gain
The E-C coupling gain function is defined as
where J RyR, max and J dhpr, max are the maximal fluxes through the RyR cluster and the L-type calcium channels during E-C coupling, and J RyR, rest is the calcium release through the RyR receptors in the absence of J dhpr .
Simulation protocol
The gating of L-type calcium channels and RyRs are simulated as Markov processes. Thus, at each time step, a random number is generated to help a channel to decide how its state should change based on the rate equations. The time step Dt is set to be 10 ÿ5 s, which is much shorter than all the processes except the calcium efflux from dyadic space to the cytoplasm. During Dt, Eq. 1 is integrated analytically under the approximation that J dhpr , J RyR , and J Buf do not change during such a short time-interval. Equation 3 is simply integrated using Euler's method. All simulations reported here consisted of presenting a sequence of triggers to the CRU. The trigger, given once every second, consisted of clamping the membrane voltage from a holding voltage of ÿ80 mV to a specified higher potential (0 mV everywhere, except in Fig. 2 where it is varied) for a duration of 0.1 s. Since each CRU exhibits a response that varies stochastically from trigger to trigger, this sequence needs to be long enough to ensure statistically meaningful results that can be compared to the spatially averaged results in myocyte experiments. In all simulations recorded here, we used a sequence of 1000 triggers, with the first 50 discarded to eliminate transient effects.
In our simple model, in which the nSR calcium concentration is kept constant, it is sufficient to simulate a single release unit. In the full model, on the other hand, we simulated 100 CRUs simultaneously. Each release unit shares a common cytoplasm and nSR, in which the calcium concentration is treated as a dynamic variable. Further details are furnished in the Supplementary Material.
RESULTS
We start by showing in Fig. 2 the gain as a function of the membrane potential for a particular value of s. For different values of s, we obtained qualitatively similar curves (data not shown). The gain is clearly a monotonically decreasing function of the membrane potential and displays the graded release found in experiments (29) (30) (31) . The current through a single L-type channel and through a RyR, on the other hand, is bell-shaped, with a small difference between their positions. This type of graded release is indicative of the local control theory. After all, if the RyR would respond only to the ensemble-averaged L-type current it would be impossible to have a different gain for two identical values of I dhpr . Instead, the RyR responds to and is triggered by local L-type channels.
We next show in Fig. 3 the calcium concentration in the dyadic space as a function of time for different values of s. As s is increased, the decay rate becomes larger and the peak calcium concentration increases. After s ; 0.4, however, both the decay time and the rising rate increase and this peak calcium concentration decreases. This leads to a maximum in peak calcium concentration for a particular value of the cooperativity parameter s* ; 0.4.
The gain function also shows a clear maximum as a function of the cooperativity s (Fig. 4 A) with the maximum occurring at s ¼ s*. Here, as in Fig. 4 , B and C, we have plotted the results from the simple model as a thick solid line and the results from the full model as a thin dashed line. Further characterization of the effect of a varying s is illustrated in Fig. 4 B where we plot the diastolic jSR content as function of s. The diastolic jSR content was measured during the second-half of the 1-s interval separating the stimuli. This content increases monotonically until s ; s*, and then reaches the nSR concentration in the simple model. In the full model, on the other hand, the jSR content depends on the uptake mechanisms and reaches an equilibrium for larger values of s. The resting value of the calcium concentration in the dyadic space as a function of s is plotted in Fig. 4 C. It is a monotonically decreasing function of s for s , s* and is roughly constant for s . s*.
Comparing the results from the two models shows that the simple model already captures the essential qualitative features of the full model. It also shows a distinct bell-shaped gain curve, while the jSR content saturates at slightly earlier values of s. Note that the calcium concentration in the dyadic space in the full model increases more slowly when s is decreased due to the partial depletion of the jSR and the nSR. Finally, the nSR calcium concentration in the full model follows the jSR calcium concentration for s . s* and decreases to values slightly higher than the jSR calcium concentration for s . s* (data not shown). In the remainder of the article, we will focus on the simple model.
The reduced SR content for s , s* is caused by an increased leak in the RyR. This is shown in Fig. 5 A, where we have plotted the open probability P 0 as a function of background calcium for two different values of s. This probability is calculated analytically and represents the probability that at least one subunit is open. Reducing the cooperativity leads to a shift in this curve to smaller values of calcium and thus to an increased probability for opening at low calcium concentration. The presence of an increased leak is further illustrated in Fig. 5 , B and C, where we plot the distribution of open states within an RyR at a controlled calcium concentration (the dashed line in Fig. 5 A) . For s ¼ 0 (Fig. 5 B) , the subunits are completely independent and the distribution shows a significant contribution from the subconductance states. For high values of s (Fig. 5 C) , the increased cooperativity suppresses the subconductance states and the fully closed and fully open states become dominant.
The effect of the subunit cooperativity and the presence of a leak can be further characterized by the spontaneous spark frequency. To measure this frequency, we stimulated the cell every second and measured the number of sparks 0.5 s before each stimulus. The total duration of the numerical experiment was 50 s, and to ensure the steady state was reached, we discarded the first 40 s. We defined a spontaneous calcium spark as an event during which 30% or more of the subunits open. Furthermore, to prevent counting small fluctuations around this threshold value, we required the activity to decrease below 5% of the subunits before a new spark could be counted. The measured spark frequency (per CRU) is shown in Fig. 6 and shows that this frequency decreases rapidly when s approaches s*. For s . s*, the measured spontaneous spark frequency was essentially zero, indicating that an increased cooperativity reduces the probability for a spontaneous spark and hence for leak. Furthermore, assuming a distance of 2 mm between CRUs along a Z-line, for s slightly smaller than s* we obtain spark rates (0.1-0.5/s/ CRU) that are in good agreement with experimentally obtained values (0.1 /s/CRU) (14) .
We have also examined the detailed calcium-release pattern in the presence of the L-type channel current and found it was different for s , s* and s . s*. In Fig. 7 A, we plot the distribution of latency times, defined as the time between the rising of the test potential and the time when J RyR reaches its maximum. As s is increased, the average and the variation of the latency times are: The mean latency time increases significantly when s . s*, and the variation reaches minimum at s ¼ s*. Furthermore, we have calculated the total fraction of open RyR channel subunits within a cluster at the peak calcium concentration, and have plotted its distribution in Fig. 7 B. As s is increased, this distribution changes from essentially single-peaked to clearly double-peaked. In other words, for higher values of s, the probability of opening becomes smaller and a substantial portion of clusters exhibit a small fraction of open RyRs. This, combined with the larger variation in latency time, indicates that the calcium release from different clusters is less synchronized by the triggers when the cooperativity becomes larger than s*.
To examine the dependence of the gain on the SR load, we also performed simulations using a higher nSR calcium concentration and recalculated the gain as a function of s. The result, for two different values of [Ca 21 ] nSR , is plotted in Fig.  8 and shows that the qualitative form of the gain curve has not changed. On the other hand, the peak value of the gain shifts toward lower values of s for increased SR content. Thus, for a given value of s, the gain function can be either increasing or decreasing, depending on the value of the SR load.
DISCUSSION
In this article, we have examined the effect of cooperativity between RyR subunits using a theoretical approach. This approach consists of modeling the calcium dynamics within the cell and the dyadic cleft combined with a novel Markovian approach for the RyR. The RyR Markovian model takes into account the subunit structure of the RyR and includes a measure of cooperativity s. Using this model, we calculated the E-C coupling gain as a function of several system parameters. Our main result is that this gain exhibits a clear maximum for a particular value of the cooperativity, s ¼ s*. For larger cooperativity values, the resting jSR content is s-insensitive, whereas for smaller values it decreases with decreasing s.
To understand intuitively why the gain curve displays a maximum, let us consider the effects of the subunit cooperativity s on the gain. This gain is roughly determined by the maximum value of J RyR and is thus given by the product of the open probability of the RyRs and the gradient of the calcium concentration between the jSR and the dyadic space (see Eq. 9). Increasing s decreases the open probability, but it increases the calcium concentration difference between the jSR and the dyadic space due to the suppression of subconductance states of the RyR. The competition of these two opposite effects leads to a maximum of gain at some definite s*. Specifically, for s . s*, upon recalling that increasing s represents an energy penalty for a subunit to be in a different state than its neighbors, it is easy to see that a large s makes it more difficult to have fractional openings. In other words, the RyR subunits become more likely to open and close collectively and leads to a smaller effective activation rate due to a higher energy barrier between closed and open states. This can be seen from Fig.7 A, which shows that the latency time increases as s is increased. Thus, the probability that a cluster can be triggered to open successfully is reduced, which leads to a reduced gain. For s , s*, the probability that the RyRs exhibit subconductance states becomes substantial (Fig. 5) . This leads to a persistent SR leak during diastole, defined here as one-half second before a stimulus. This causes a decreased SR content (Fig. 4 B) and an increased diastolic calcium level in the dyadic space (Fig. 4 C) . Hence, upon an I dhpr stimulus, the calcium current through the RyRs is smaller, leading to a decreased E-C coupling gain.
How do these results relate to experimental findings? As discussed above, our cooperativity parameter s correlates with the amount of FKBP associated with the RyR complexes in the cell. The effect of FKBP on in vivo E-C coupling has been investigated in three species: rat, mouse, and rabbit. For the latter, FKBP sequestering reduced E-C coupling (12), while FKBP overexpression increased E-C coupling (13, 14) . In rats and mice, on the other hand, FKBP sequestering increased E-C coupling (10-12), even though overexpression appears to increase E-C coupling (15) . These results appear to be contradictory, although there are, of course, caveats about whether other components of the calciumhandling system are affected by the different protocols. If, for the moment, we ignore the data from FKBP overexpression in rats, we can combine all the other experimental data with the results of our theoretical modeling and provide the following hypothesis: normal levels of cooperativity in rats and mice are higher than the optimal level, while normal levels of cooperativity in rabbits are lower than the optimal level. One way to achieve this difference is schematically drawn in Fig. 9 A, where the circle represents the postulated FIGURE 6 The spontaneous spark frequency as a function of the cooperativity s. There is very severe leak when s is small, and almost no sparks when s . s*. operating point for rats and mice and the square represents rabbits. Another possibility, of course, is that the subunit cooperativity across species is preserved, while other factors determining the gain vary. Then, as is schematically shown in Fig. 9 B, the rabbit gain curve has shifted in its entirety toward higher values of s compared to the gain curve for the rat and mouse (or vice versa), while the value of the cooperativity s op is the same for both species. In both cases, the operating value of s for the rat and mouse is larger than s*, which agrees with experimental data showing that the SR content is maintained during FKBP dissociation (12) . The fact that the SR content decreases in rabbits after dissociation of FKBP and increases after FKBP overexpression (12, 13) serves as a self-consistency check (see Fig. 4 ).
On the other hand, if the overexpression of FKBP in rats does indeed increase the E-C coupling gain (15), we have to modify the above hypothesis. In this case, the experimental data is consistent with our modeling results if we assume that both rats/mice and rabbits have a normal level of cooperativity that is lower than the optimal level. Of course, this still leaves open the question why FK506 decreases the gain in rats but perhaps, as pointed out in Gomez et al. (15) , it also acts on other components of the E-C coupling machinery. In summary, it is clear that rabbits lie to the left of the peak and the situation for rats/mice needs to be clarified experimentally.
Another comparison comes from the distribution of the spark latency times. Two groups (32, 33) performed experiments showing that the calcium release is more synchronized under b-AR stimulation. Although Song and co-workers hypothesized that the observed simultaneous release of calcium is mainly an effect of increased L-type channel current, we show in Fig. 7 that a decreased cooperativity inside RyR can also cause a larger probability for a cluster to respond to the trigger. Moreover, our model predicts that the mean latency time increases as s increases, which is consistent with experiments (32) .
A final comparison with in vivo experiments can be made when we analyze the frequency of spontaneous sparks (Fig.  6 ). Since increasing s corresponds to increasing the energy barrier, we find that the spark frequency decreases as s increases. This is consistent with experimental findings that show a decreased spontaneous spark frequency in rabbits with overexpressed FKBP (14) . In fact, it is also consistent with the observed decrease in spontaneous spark frequency in FKBP-overexpressing rats (15) , independent of the aforementioned uncertainty as to the normal level of cooperativity. In addition, the model shows that for s , s*, the total released calcium in a cluster is smaller than for s ; s* due to a decreased jSR content. Thus, for s , s* a locally triggered spark is less likely to initiate a release event in the neighboring cluster and a propagating wave is more likely to abort. This scenario seems consistent with experimental data in FKBP-overexpressed rabbits. Of course, to investigate wave propagation in our model requires us to include spatial coupling between cluster and t-tubules. Once incorporated, this model would then be able to investigate the stochastic process of wave abortion, using a similar approach to that employed in Falcke et al. (34) for the case of Xenopus oocytes.
Our major goal was to produce a model that could be compared with data from single myocyte studies as well as from bilayer experiments. The bilayer experiments suggest that in the presence of FKBP the subconductance states are nearly completely suppressed, whereas in the absence of FKBP they are prominently present. By assuming that each RyR subunit can contribute one-quarter of the total conductance independently and that they must act cooperatively with FKBP binding, our model produces very similar distributions of subconductance states (Fig. 5) , as shown in those experiments.
Our model is not able to investigate the complete fight-orflight response, during which the b-adrenergic pathway is stimulated and PKA activation levels are elevated. This signaling pathway not only targets the RyR but also increases the influx through the L-type channel and the calcium uptake through the SERCA pumps, mechanisms that are not included in our study. Nevertheless, if our hypothesis shown in Fig. 9 is FIGURE 9 Possible schematic E-C coupling gain as a function of the FKBP association. (A) The gain function is the same for different species although the cooperativity level varies. As noted on the figure, the postulated operating point for rabbits is marked by a square, and the operating point for mice and rats is marked by a circle. (B) The cooperativity is the same across species, although the gain function is different. correct, we can postulate that the relative importance of the components involved in the fight-or-flight response should be species-dependent. After all, independent of the species, the net result of the fight-or-flight response is an increased E-C coupling gain and cardiac output (35) . If our postulated schematic gain function in Fig. 9 is correct, b-adrenergic stimulation in rabbits will reduce the E-C coupling gain if only considering the dissociation of FKBP from RyR. Thus, one of the other targets of b-adrenergic pathway needs to compensate the reduction of gain associated with the loss in cooperativity. In mice and rats, if we assume that FK-506 acts primarily on RyRs to decrease the cooperativity and increase the E-C coupling gain, this compensation is not necessary. Of course, if both rabbits and rats operate with normal levels of s below the maximal value, rats also need a compensatory mechanism.
The effect of FKBP dissociation on human congestive heart failure, and in particular the role of PKA hyperphosphorylation, is a controversial topic. Several groups have found that the FKBP association level is significantly decreased by PKA hyperphosphorylation in HF myocytes (19, 21) . Furthermore, experiments have shown that drugs can prevent the onset of experimental heart failure by reversing PKA hyperphosphorylation and preventing the decrease of RyR-bound FKBP (21) . Other groups, however, have reported that PKA hyperphosphorylation of RyR does not dissociate FKBP from RyR and cannot influence RyR function (36) (37) (38) . Our model does not take into account the actual mechanism whereby the cooperativity is changed and, hence, cannot shed light on the hyperphosphorylation controversy. On the other hand, our model shows that a scenario in which partial association of FKBP (i.e., a slightly lower value of s) results in an increased E-C coupling and severe dissociation of FKBP (i.e., a very low value of s) leads to events typically associated with heart failure (reduced SR content, decreased ECC gain, and increased diastolic leak) is, in fact, plausible.
Our model to-date is quite useful, but can clearly be extended. For example, we have only modeled the effect of FKBP on the coupling between the RyR subunits. There is experimental evidence, however, that FKBP can also couple neighboring receptors (39, 40) . Several groups have addressed the effect of receptor-receptor coupling on calcium dynamics. A recent modeling study, which implements coupling between neighboring RyRs in much the same way as we do here, found that introducing a cooperativity between receptors can make certain unstable RyR gating schemes stable (27) . Another modeling study showed that a lack of cooperativity between receptors can lead to prolonged calcium sparks (24) . In our model, we also observed an increase in the duration of these sparks when we lowered s (data not shown). In fact, we believe that the inter-receptor coupling discussed in Sobie et al. (24) and Stern et al. (27) and the intra-receptor coupling discussed in this article may lead to very similar effects. For example, we predict that the gain curve will exhibit a similar qualitative form when varying the inter-receptor coupling constant. The relative importance of intra-versus inter-receptor coupling remains to be resolved.
To circumvent the above-mentioned limitations, a spatially extended model of the calcium dynamics that includes cooperativity between neighboring RyRs, coupled to a detailed electrophysiological model, needs to be developed. Such an undertaking is computationally very challenging and beyond the scope of this study. Finally, there is no way to date to establish a quantitative link between the concentration of FKBP and the value of s. This would require direct measurements of the gating mechanisms while varying the FKBP concentration.
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